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Summary

Acute caffeine intake affects brain and cardiovascular physiology, yet the
concentration-effect relationships on the electroencephalogram and cardiac auto-
nomic activity during sleep are poorly understood. To tackle this question, we simul-
taneously quantified the plasma caffeine concentration with ultra-high-performance
liguid chromatography, as well as the electroencephalogram, heart rate and high-
frequency (0.15-0.4 Hz) spectral power in heart rate variability, representing para-
sympathetic activity, with standard polysomnography during undisturbed human
sleep. Twenty-one healthy young men in randomized, double-blind, crossover fash-
ion, ingested 160 mg caffeine or placebo in a delayed, pulsatile-release caffeine for-
mula at their habitual bedtime, and initiated a 4-hr sleep opportunity 4.5 hr later.
The mean caffeine levels during sleep exhibited high individual variability between
0.2 and 18.4 pmol L~ Across the first two non-rapid-eye-movement (NREM)-
rapid-eye-movement sleep cycles, electroencephalogram delta (0.75-2.5 Hz) activity
and heart rate were reliably modulated by waking and sleep states. Caffeine dose-
dependently reduced delta activity and heart rate, and increased high-frequency
heart rate variability in NREM sleep when compared with placebo. The average
reduction in heart rate equalled 3.24 + 0.77 beats per minute. Non-linear statistical
models suggest that caffeine levels above ~7.4 pmol L~! decreased electroen-
cephalogram delta activity, whereas concentrations above ~4.3 pmol L=! and
~ 4.9 umol LY, respectively, reduced heart rate and increased high-frequency heart
rate variability. These findings provide quantitative concentration-effect relation-
ships of caffeine, electroencephalogram delta power and cardiac autonomic activity,

and suggest increased parasympathetic activity during sleep after intake of caffeine.
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1 | INTRODUCTION

An oral dose of caffeine is rapidly absorbed, easily crosses the
blood-brain barrier, and affects sleep when taken shortly before bed-
time (Bonati et al., 1982; Gardiner et al., 2023). It is widely accepted
that the effects of moderate caffeine intake on sleep are mediated by
competitive antagonism of adenosine A; and A, receptors in the cen-
tral nervous system (Lazarus et al., 2019; Reichert et al., 2022). Apart
from the typical changes in sleep architecture (Clark & Landolt, 2017),
acute caffeine consistently attenuates electroencephalogram (EEG)
activity in the delta range (<4.5Hz) in non-rapid-eye-movement
(NREM) sleep (Carrier et al, 2009; Dongen et al, 2001; Drake
et al, 2013; Landolt, Dijk, et al., 1995). Interestingly, several studies
demonstrated that caffeine concentrations deemed too low to exert an
acute pharmacological response are followed by reduced low-frequency
activity (< 2 Hz) during subsequent sleep (Landolt, Werth, et al., 1995;
Landolt et al., 2004; Rétey et al., 2007). Thus, it is currently unknown
whether caffeine concentrations below the limit of detection, an atten-
uated build-up of sleep pressure by blockading adenosine receptors
during wakefulness, or active metabolites such as paraxanthine under-
pin the effect of caffeine on sleep intensity (Reichert et al., 2022).
Apart from regulating the adaptive homeostatic response to the
prior duration of sleep and wakefulness on the sleep EEG, adenosine
also contributes to the regulation of other major physiological pro-
cesses. For example, by acting on all known subtypes of adenosine
receptors, adenosine elicits a complex haemodynamic response that
reflects separate effects on the myocardium, the vascular tone and
the sympathetic nervous system (for review, see Riksen et al., 2011).
Exogenous adenosine administration to conscious humans elicits a
consistent increase in heart rate and systolic blood pressure, and
a drop in diastolic blood pressure (Riksen et al., 2011). On the other
hand, the effects of caffeine on heart rate and blood pressure are typi-
cally small and differ widely among studies (Turnbull et al., 2017).
Acute exposure to caffeine doses contained in two-three cups of cof-
fee (> 200-300 mg) typically stimulates a transient increase in systolic
and diastolic blood pressure, whereas both bradycardia and tachycar-
dia were reported (Crooks et al., 2019; Riksen et al., 2011; Temple
et al., 2017; Turnbull et al., 2017). Methylxanthine intoxication
induces hypotension and tachyarrhythmias (Whitsett et al., 1984).
The divergent findings are likely related to the different doses admin-
istered, but also reflect genetic predisposition, caffeine intake habits
and health status of study participants, as well as other possible influ-
ences (Crooks et al., 2019; Green et al., 1996; Koenig et al., 2013).
They may also suggest that the blockade of adenosine receptors only
plays a minor role in mediating the actions of caffeine on the cardio-
vascular system (Fredholm et al., 2017). At least at higher doses,
increased intracellular calcium, release of norepinephrine and dopa-
mine receptor sensitization constitute other likely mechanisms of
action of caffeine on cardiovascular functions (Temple et al., 2017).
We recently reported the development of a pulsatile-release caf-
feine formulation to attenuate symptoms of sleep inertia after sleep
restriction (Dornbierer et al., 2021). Following low-dose (160 mg) caf-

feine intake in an engineered capsule at habitual bedtime, we

observed a mean caffeine plasma concentration of ~5 pmol L' at
the beginning of a 4-hr sleep opportunity starting 4.5 hours later. We
used this unique dataset to simultaneously quantify the evolution of
caffeine levels, sleep architecture and the sleep EEG, as well as heart
rate and the high-frequency component of the heart-rate variability
(HF-HRV) spectrum as a marker of parasympathetic activity during
sleep. Using generalized additive models, we aimed at establishing the
concentration-effect relationships between caffeine in blood plasma,
EEG low-frequency activity and cardiac autonomic activity in NREM

sleep.

2 | METHODS

The study protocol was approved by the Cantonal Ethics Committee of
the Canton of Zurich (BASEC: 2018-00533) and registered on Clinical-
Trials.gov (Identifier: NCT04975360). All participants provided written
informed consent according to the declaration of Helsinki.

21 | Participants

Twenty-two healthy young men (mean age: 23.8 + 3.0 years; range:
19-30 years) with a body mass index between 19.4 and 25.3 kg m—2
(mean: 22.6+1.6kg m™?) completed the study. They met the
following inclusion criteria: habitual caffeine consumption of less than
four regular units per day (coffee, tea, chocolate, cola, energy drinks);
male sex to avoid the impact of menstrual cycle on physiology during
sleep; age between 18 and 34 years; body mass index between 20 and
25 kg m~2 Epworth Sleepiness Score below 10; habitual sleep-onset
latency below 20 min (self-rated); regular sleep-wake rhythm with bed-
time between 22:00 hours and 01:00 hours; absence of any somatic
or psychiatric disorders; no acute or chronic medication intake; non-
smoker; and no history of drug abuse (lifetime use < 5, with exception
of occasional cannabis use). The participants were instructed to abstain
from illicit drugs and caffeine during the entire study, starting 2 weeks
prior to the first experimental night until the end of the study (the day
after the second experimental night). No alcohol was allowed 24 hr
before the experimental nights. The minimal washout period of
caffeine between experimental nights was 7 days. Approximately
2 weeks (15 + 3 days) prior to the first experimental night and lasting
until the end of the study, participants were instructed to keep a
regular sleep-wake rhythm, consistent with the volunteers' habitual
bedtime. To verify adherence to the regular sleep and wake times,
participants wore a rest-activity monitor on the non-dominant arm
and kept a sleep-wake diary. All included participants showed
roughly a 22:00 hours-06:00 hours (h=2), 23:00 hours-07:00
hours (n = 17) or 00:00 hours-08:00 hours (n = 2) rest period. During
the pre-study period, participants on average went to bed at 23:10
hours = 35 min, rose at 07:11 hours + 30 min, and rested 8.0 hr
+ 19 min per night. To facilitate the readability of the manuscript, clock
times in the text and figures refer to the majority of participants who
adhered to the 23:00 hours-07:00 hours sleep schedule.
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2.2 | Study design

All participants spent 2 nights in the sleep laboratory, separated by at
least 1 week. Upon arrival between 20:00 hours and 21:00 hours, par-
ticipants were informed in detail about the study protocol. Afterwards,
the electrodes for polysomnographic recordings were carefully placed
according to standard criteria (Berry et al., 2017), and the venous cathe-
ter for continuous blood collection was applied. To prevent unintended
sleep before the scheduled sleep opportunity, the participants were con-
stantly supervised and engaged in selected table games. At their habitual
bedtime, i.e. 4.5 hr before a 4-hr sleep opportunity scheduled according
to the sleep-wake habits of each participant during the 2 weeks prior to
the study, we administered a time-controlled, pulsatile-release formula
of caffeine or placebo (matched in appearance). The study followed a
randomized, double-blind, placebo-controlled, crossover design.

The pulsatile-release caffeine formula was previously described in
detail (Dornbierer et al., 2021). In brief, 160 mg caffeine per capsule
was dispersed in coating media and sprayed onto inert microcrystalline
cellulose spheres, to obtain various layers consisting of caffeine and
release-controlling polymers. The micropellets were then encapsulated

into hydroxypropyl-methylcellulose capsules.

2.3 | Caffeine quantification

To monitor the caffeine pharmacokinetics during polysomnographically
recorded sleep in the soundproof and climatized bedrooms of the
human sleep research unit, we collected blood samples from the left
antecubital vein at baseline (0.5 hr before capsule intake), and 1.5, 2.5,
3.5, 45,55, 6.5, 7.5, 85, 9.5, 10.5, 13.5 and 17.5 hr after capsule
administration. The venous catheter was connected to a blood-
collection setup in an adjacent room (Heidelberger plastic tube exten-
sions through the wall; Dornbierer et al., 2021). Blood samples (4 ml;
BD Vacutainer ethylenediaminetetraacetic acid) were collected without
disturbing the sleeping study participants. The intravenous line was
kept patent with a slow drip (10 ml hr ) of heparinized saline
(1000 IU heparin in 0.9 g NaCl dI~%; HEPARIN Bichsel; Bichsel AG,
3800 Unterseen, Switzerland). Blood samples were immediately centri-
fuged for 10 min at 2000 relative centrifugal force. The plasma samples
were immediately put on ice until final storage at —80°C.

For the quantification of caffeine in plasma, we used an ultra-
high-performance liquid chromatography system coupled to a linear
ion trap quadrupole mass spectrometer operated in positive electro-
spray ionization with scheduled multiple reaction monitoring. We pre-
viously reported all experimental and analytical procedures in detail
(Dornbierer et al., 2021). Because of unreliable measurements, we
needed to exclude the caffeine concentration data of one participant
from the analyses (Dornbierer et al., 2021).

To estimate the caffeine concentration at timepoints of interest
during sleep, we fitted the hourly data collected after capsule intake
using polynomial regression (R? =0.936; R package stats version
4.2.1). Subsequently the regression curve was used to interpolate caf-

feine concentration during all sleep stages and epochs.

Research

24 | Polysomnography

We recorded sleep with dedicated polysomnographic amplifiers
(Artisan®, Micromed, Mogliano, Veneto, Italy). The recording setup
consisted of 10 EEG electrodes according to the 10-20 system (Fp1,
Fp2, F3, F4, C3, C4, P3, P4, O1, 02), a bipolar electrooculogram, a sub-
mental electromyogram (EMG) and a 2-lead electrocardiogram (ECG).
We marked the individual EEG electrode coordinates by cutting a few
hairs at the electrode positions, to ensure that the electrodes were
placed at the same place in both experimental conditions. We sampled
the analogue signals with a frequency of 256 Hz, conditioned them by
a high-pass filter (EEG: —3 dB at 0.15 Hz; EMG: 10 Hz; ECG: 1 Hz)
and an anti-aliasing low-pass filter (—3 dB at 67.2 Hz), and stored the
digitized data with a resolution of 256 Hz. Because of insufficient
quality, we needed to exclude the EEG data of one participant from
the analyses.

We analysed the polysomnographic data in Rembrandt® Datalab
(Version 8; Embla Systems, Planegg, Germany). We visually scored
waking and sleep stages in 30-s epochs according to the criteria of
the American Academy of Sleep Medicine (Berry et al., 2017). We
visually identified and excluded movement- and arousal-related arte-
facts from the analyses.

We identified NREM-rapid-eye-movement (REM) sleep cycles
according to the criteria proposed by Feinberg & Floyd (1979) with
the recently published R-package SleepCycles (version 1.1.4; Blume &
Cajochen, 2021). We visually inspected the results and corrected
them if necessary. All participants completed at least two NREM-REM
sleep cycles during the 4-hr sleep opportunity.

We used the R-package bspec (version 1.6) to compute the EEG
power spectra between 0 and 30 Hz derived from the C3-A2 deriva-
tion by a Fast Fourier Transform (FFT) based on 4-s epochs (Hanning
window, linear detrending, 50% overlap), resulting in a frequency res-
olution of 0.25 Hz. We averaged spectral power in wakefulness (W),
NREM sleep (stages N1, N2 and N3) and REM sleep. To investigate
the evolution of EEG delta activity across the first two NREM-REM
sleep cycles, we subdivided individual NREM sleep episodes into
20 equal parts and individual REM sleep episodes into four equal
parts, and then averaged across all individuals (Landolt, Dijk,
etal., 1995).

2.5 | Heartrate analyses

We identified the R-peaks in the ECG signal using the R-package
rsleep (version 1.0.4) and the scipy python package (version 1.10.0),
manually confirmed the results and corrected them if necessary. Using
the R-package RHRV (version 4.2.6), we computed HRV measures in
the frequency domain in all sleep states during the first two NREM-
REM sleep cycles. With the FFT algorithm implemented in the RHRV
package, we quantified the power spectral density of HRV in the
following frequency bands: high-frequency (HF; 0.15-0.4 Hz); low-
frequency (LF; 0.05-0.15 Hz); very-low-frequency (VLF; 0.03-0.05 Hz);
ultra-low-frequency (ULF; < 0.03 Hz). Because the physiological
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underpinnings of the low-frequency components in the HRV spec-
trum are complex and partly uncertain, and because we were
particularly interested in the effects of caffeine on parasympathetic
activity, which is reliably reflected by HF-HRV (Berntson et al., 1997;
Kleiger et al., 2005), we restricted the statistical analyses to HF-HRV.

2.6 | Statistical analyses

We based all analyses on the complete dataset of 20 participants using
R version 4.2.1 (R Core Team, 2018) and RStudio Version 2022.07.1-
554 (RStudio). We analysed the data with linear mixed effects models
(R-package Ime4 v.1.1-30 and ImerTest v. 3.1-3) or two-sided, paired
t-tests where specified (R package rstatix v.0.7.0). We included the
fixed effects “cycle” (1, 2), “state” (W, N1, N2, N3, REM) and/or “condi-
tion” (placebo, caffeine), as well as their interactions in the statistical
models. When multiple measurements per subject were available, we
added “study participant” as random effect. We checked distribution of
residuals, goodness of fit and assumptions in all tests and models. In all
figures, we present group means and 95% confidence intervals, based
on 1000 bootstrap replicates (R-package boot version 1.3-28; Efron &
Tibshirani, 1993). To compare the placebo and caffeine conditions
when the analysis of variance (ANOVA) “condition” term yielded a sig-
nificant result, we computed general linear hypothesis tests (R-package

(a) (b)

=

w
1
1

Caffeine concentration (umol/L)
o =

04 .

multcomp version 1.4-19), corrected for multiple comparison with the
Benjamini-Hochberg procedure. We also computed Cohen's
d measures, to quantify the effect size of the statistical differences
(R-package rstatix version 0.7.0; Cohen, 1988).

We used generalized additive models to analyse the change in
EEG delta activity, heart rate and HF-HRV as non-linear function of
the caffeine concentration (R-package mgcv version 1.8-40, splines
version 4.2.1). We computed the range of significance by comparing
the temporal evolution of the fitted smooth function in the caffeine
and placebo conditions (R-package mgViz version 0.1.9, gratia version
0.7.3). All graphs were generated using R-packages ggplot2 (version
3.3.6) or ggpubr (version 0.4.0).

3 | RESULTS

3.1 | Caffeine plasma concentration

The delayed, pulsatile-release of caffeine started shortly before the
sleep opportunity, and the caffeine in plasma exhibited a mean maxi-
mal concentration of 9.60 * 0.89 pmol L™ (+ SEM, n=19) 9.5 hr
after capsule intake (Figure 1a). At lights-off, i.e. at the beginning
of the sleep opportunity, the mean caffeine concentration equalled
4.19 +0.82 pmol L~%, with individual values varying between 0.14
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FIGURE 1 (a) Temporal evolution of the mean caffeine concentration in plasma (mean + 95% confidence interval; n = 19). The x-axis refers
to clock time. The vertical arrow indicates the time when the time-controlled, pulsatile-release formula containing 160 mg caffeine was ingested.
Grey shading indicates the time-in-bed for sleep. (b) Temporal evolution of individual caffeine kinetics of the 19 participants for whom caffeine
data were available. (c) Relative electroencephalogram (EEG) power spectra in non-rapid-eye-movement sleep (stages N1-N3). For each 0.25-Hz
frequency bin between 0 and 30 Hz, mean power (+ 95% confidence interval; n = 21) in the caffeine condition was expressed as a percentage of
the corresponding value in the placebo condition (horizontal dashed lines at 100%). Bottom panel: effect size of the difference between caffeine
and placebo expressed as Cohen's d. Red dots: pgpr < 0.05; grey dots: puncorrected < 0.05; black dots: puncorrected > 0.05.
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and 10.20 umol L~% At lights-on of scheduled sleep, the mean
caffeine concentration equalled 8.00 + 0.86 umol L%, varying
between 0.65 and 16.4 pumol Lt (Figure 1b). The increase in caffeine
across the 4-hr sleep opportunity varied between 0.51 and 16.9 umol L™*
per individual.

3.2 | Effects of caffeine on the EEG during sleep
The visually scored sleep variables in the first two NREM-REM sleep
cycles in the placebo and caffeine conditions are summarized in Sup-
plementary Table S1. In both conditions, the participants quickly fell
asleep and exhibited a high proportion of slow-wave sleep. Except for
the concentration-dependent, reduced time spent in N3 sleep after
caffeine compared with placebo (69.7 + 19.6 versus 55.8 + 19.5,
pror < 0.03; also see Supplementary Figure S1), sleep architecture in
both experimental conditions was comparable (p,; > 0.1).

Corroborating less visually scored N3 sleep, caffeine reduced EEG
delta activity in NREM sleep. While power in all bins between 0.5 and
3.75 Hz was reduced, correction for multiple comparisons revealed
that the reduction in the 0.75-2.5-Hz range was statistically signifi-
cant (Figure 1c). The caffeine intake reduced EEG activity in this fre-
guency band with a large effect size when compared with placebo
(average Cohen's d 0.86 + 0.02 [SEMY]).

The evolution of EEG power in the 0.75-2.5-Hz band in the placebo
and caffeine conditions across the first two NREM-REM sleep cycles is
illustrated in Figure 2(a). Delta activity varied across wakefulness and
sleep states (“state” Fj1g0 = 164.18, p < 0.0001). It decreased from
the first to the second NREM sleep episode (“cycle™ Fi 40 = 20.32,
p < 0.0001) and was reduced after caffeine when compared with pla-
cebo (“condition”: F1 0= 7.52, p < 0.01). The mean effect size of the
difference between the conditions equalled 0.28 + 0.03 (SEM), indicat-
ing a small to medium effect. A decrease in 0.75-2.5-Hz activity was
also present from the first to the second REM sleep episode (“cycle”:
F1372 = 6.66, p < 0.02), whereas the caffeine and placebo conditions
did not differ in REM sleep (“condition™ F1 34, = 3.83, p > 0.058).

3.3 | Concentration-effect relationship between
caffeine and reduction in NREM sleep delta activity

To investigate whether the effect of caffeine on delta activity was
concentration dependent, the difference between caffeine and pla-
cebo in 0.75-2.5-Hz activity in all time bins during the first two
NREM sleep episodes was expressed as a function of the caffeine
concentration. Computing the linear correlation coefficient between
the mean difference in delta activity and the mean caffeine concentra-
tion in the first two NREM sleep episodes revealed a negative associa-
tion (rpearson = —0.62, p < 0.005). The generalized-additive, non-linear
model function revealed a significant distance from the no-effects line
for values above 7.34 pmol L™%, suggesting a significant impact of
caffeine on EEG delta activity in NREM sleep above this value
(Figure 3).
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FIGURE 2 (a) Time course of electroencephalogram (EEG) delta

activity (0.75-2.5 Hz) across the first two non-rapid-eye-movement-
rapid-eye-movement (NREM-REM) sleep episodes in the placebo
(green) and caffeine (purple) conditions (mean + 95% confidence
intervals; n = 21). Individual NREM sleep episodes were subdivided
into 20, and individual REM sleep episodes into four equal time bins.
The data were aligned with respect to sleep onset, averaged per
condition, and plotted against the mean timing of all NREM and REM
sleep episodes. Bottom panel: effect size of the difference between
caffeine and placebo expressed as Cohen's d. Grey dots:

Puncorrected < 0.05; black dots: puncorrected > 0.05. (b) Time course of
heart rate across the first two NREM-REM sleep episodes in the
placebo (green) and caffeine (purple) conditions (mean + 95%
confidence intervals; n = 21). Individual NREM sleep episodes were
subdivided into 20, and individual REM sleep episodes into four equal
time bins. The data were aligned with respect to sleep onset,
averaged per condition, and plotted against the mean timing of all
NREM and REM sleep episodes. Bottom panel: effect size of the
difference between caffeine and placebo expressed as Cohen's d.
Red dots: prpr < 0.05; grey dot: puncorrected < 0.05; black dot:
Puncorrected > 005
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Left panel: difference in electroencephalogram (EEG) delta activity (0.75-2.5 Hz) between the caffeine and placebo (horizontal

dashed line) conditions in 2 x 20 equal time bins of the non-rapid-eye-movement (NREM) sleep episodes 1 and 2. Individual data points in 19
participants and their averages (black line + 95% confidence intervals) are plotted. The red vertical dashed line at 7.34 pmol L~ marks the
threshold above which the average difference between caffeine and placebo was estimated to be higher than three times the standard error of
the null hypothesis. Right panel: Pearson product moment correlation between the difference in EEG delta activity (0.75-2.5 Hz) between
caffeine and placebo and the mean caffeine in plasma in the first two NREM sleep episodes (n = 19). The continuous black line shows the

corresponding linear trend.

3.4 | Effects of caffeine on heart rate during sleep
The time course of heart rate in the placebo and caffeine conditions
across the first two NREM-REM sleep cycles is illustrated in Figure 2
(b). After a small drop immediately upon sleep onset, heart rate
remained low in NREM sleep and transiently increased in REM sleep
(“state”, NREM versus REM sleep: F; 4o = 58.79, p < 0.0001). Heart
rate slightly increased from the first to the second NREM sleep epi-
sode (Fy¢0=4.11, p < 0.05), while it did not differ between the
episodes in REM sleep (Fy 343 = 0.17, p = 0.68).

The modulation of heart rate by the different states of vigilance
and caffeine is illustrated in Figure 4. Mean heart rate differed among
wakefulness and sleep (“state™ F4150 = 47.12, p < 0.0001), with the
lowest values in NREM sleep. Compared with placebo, caffeine induced
an overall reduction in heart rate by 3.24 + 0.77 (SEM) beats-per-minute
(BPM; Fq1g0 = 64.79, p < 0.0001). This difference corresponded to a
large effect size (Cohen's d = 0.79 £ 0.02). In NREM sleep, caffeine
reduced heart rate by 3.19 + 0.78 BPM (F4 40 = 36.51, p < 0.0001; N1:
too = 4.03; N2: tyg = 4.42; N3: tyg = 4.21; p,y = 0.001), which corre-
sponded to a large effect size (Cohen's d = 0.79 + 0.03). The reduction
in REM sleep equalled 3.72 + 1.01 BPM (Fy 343 = 22.16, p < 0.0001;
too = 2.73, p = 0.012), also corresponding to a large effect size (Cohen's
d = 0.8 + 0.07). In wakefulness, the difference between the conditions

was not significant (t,o = 1.67,p > 0.1).
3.5 | Concentration-effect relationship between
caffeine and reduction in heart rate in NREM sleep

Correlation analysis of the averaged values per participant (i.e. the
average of the 2 x 20 time bin values in NREM sleep) showed a
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FIGURE 4 Heart rate in wakefulness (wake), non-rapid-eye-
movement (NREM) and rapid-eye-movement (REM) sleep states in
the caffeine (purple) and placebo (green) conditions. The box plots
represent beats-per-minute (BPM) in 21 study participants. Box: 25th,
50th (median) and 75th percentiles; whiskers: 1.5 times the inter-
quantile range; dots: individual data points outside the whisker range.
Asterisks: two-sided paired t-tests between the conditions:

**p < 0.005, *p < 0.05.

negative correlation between the change of heart rate and the caf-
feine concentration (fpearson = —0.66, p < 0.003). Generalized additive

model estimates revealed a significant distance from the null-effects
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FIGURE 5 (a) Left panel: difference in heart rate (beats-per-minute; BPM) between the caffeine and placebo (horizontal dashed line)

conditions in 2 x 20 equal time bins of the non-rapid-eye-movement (NREM) sleep episodes 1 and 2. Individual data points in 19 participants
and their averages (black line + 95% confidence intervals) are plotted. The red vertical dashed line at 4.25 umol L~ marks the threshold above
which the average difference between caffeine and placebo was estimated to be higher than three times the standard error of the null
hypothesis. Right panel: Pearson product moment correlation between the difference in heart rate between caffeine and placebo and the mean
caffeine in plasma in the first two NREM sleep episodes (n = 19). The continuous black line shows the corresponding linear trend. (b) Same
representation of high-frequency (0.15-0.4 Hz) spectral power in heart rate variability (HR-HRV) as in (a). The red vertical dashed line at

4.92 umol L~* marks the threshold above which the average difference between caffeine and placebo was estimated to be higher than three

times the standard error of the null hypothesis.

line (no difference) above caffeine amounts of 4.25 umol LY
suggesting that a caffeine concentration above this value reduces
heart rate (Figure 5a).

3.6 | Concentration-effect relationship between
caffeine and heart rate variability in NREM sleep

To estimate caffeine-related changes of parasympathetic activity
during sleep, we quantified HF-HRV. Caffeine increased the HF-HRV
component in NREM sleep by 0.23 + 0.08 log ms? (F1,20 = 7.85,
p < 0.05, tyo =2.80, p <0.05, Cohen's d=0.25). Mean individual
changes in HF-HRV in the first two NREM sleep episodes corre-
lated positively with the increasing plasma caffeine concentration

(rpearson = 0.48, p < 0.05). The non-linear analysis of the caffeine-
related change in HF-HRV showed a deviation from the null-effects
baseline for caffeine concentrations exceeding 4.92 umol L1
(Figure 5b).

4 | DISCUSSION

In this study, we systematically investigated the concentration-effect
relationships among the caffeine levels in plasma, the sleep EEG, heart
rate and HF-HRV during human sleep. Using powerful, generalized
additive models to probe non-linear associations among these vari-
ables, we found concentration-dependent alterations in EEG 0.75-
2.5-Hz activity above ~7.3 umol L~! and in heart rate and HF-HRV
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above ~4-5 umol L~! plasma caffeine. The effects were generally
characterized by a consistent and large effect size. The findings sug-
gest that above a certain threshold, caffeine reduces EEG delta activ-
ity and increases cardiac autonomic activity in NREM sleep in a
concentration-dependent manner. The exact modes of action how
caffeine affects these central and autonomic nervous system func-
tions are complex and remain to be fully elucidated.

Sleep architecture, the sleep EEG and cardiac autonomic activity
are highly sensitive to subtle internal and external influences such as
moderate doses of caffeine. When previous studies aimed at elucidat-
ing the concentration- and exposure-effect relationships between
caffeine pharmacokinetics and sleep physiological measures, they typ-
ically relied on the caffeine content in a single saliva or blood sam-
ple before sleep initiation. Nevertheless, uptake, metabolism and
excretion of exogenous caffeine are dynamic processes, which dif-
fer widely among individuals. The simultaneous quantification of
pharmacokinetic and physiological variables is necessary to under-
stand how they are mutually related. By doing so and capitalizing
from the comprehensive characterization of a newly developed,
time-controlled, pulsatile-release caffeine formula (Dornbierer
et al., 2021), we observed that a caffeine plasma level above
7.3 umol Lt is required to reduce EEG 0.75-2.5-Hz activity in
NREM sleep. Above this concentration, we found a robust negative
association between this physiological marker of NREM sleep
intensity and the level of caffeine.

In humans, the actions of caffeine on the central nervous system
are more often quantified by behavioural changes than by direct
changes of brain electrical activity. Early experimental work concluded
that intake of 80-100 mg caffeine shortly before bedtime is required
to delay the onset of sleep (for review, see Dews, 1982). Furthermore,
based on pharmacokinetic estimates, it was suggested that a plasma
concentration of ~7 pmol L™ (> 2.5 pg ml™Y) is the threshold for
the effective promotion of vigilance during prolonged wakefulness
(Beaumont et al., 2001). Interestingly, the present data indicate that a
plasma caffeine concentration in this range (~ 7.3 pmol L™%) is nec-
essary to attenuate EEG delta activity in NREM sleep. Given that the
saliva/plasma concentration ratio is stable at ~0.74 (Newton
et al., 1981), 7 umol L~! caffeine in plasma would correspond to
~10 pmol L~ caffeine in saliva. Caffeine intake in the morning and
during prolonged wakefulness was repeatedly found to attenuate sub-
sequent EEG slow-wave activity during sleep at concentrations far
below this threshold (Landolt, Werth, et al., 1995; Landolt et al., 2004;
Rétey et al., 2007). As discussed in more detail elsewhere, these
caffeine-induced changes could reflect the attenuated build-up of
homeostatic sleep pressure during wakefulness or the continued
antagonism of adenosine receptors by active caffeine metabolites
such as paraxanthine (Reichert et al., 2022).

Consistent with previous studies in wakefulness, we found that
moderate caffeine decreased heart rate and increased HRV, and
that caffeine affects these measures of cardiac autonomic activity in a
non-linear fashion (Crooks et al., 2019; Kohler et al., 2006; for system-
atic review, see Koenig et al.,, 2013). Non-linear statistical analyses

revealed that above a plasma concentration of ~4.3 pmol L2,

caffeine reduced heart rate on average by more than 3 BPM, and that
the decrease correlated with increased caffeine levels. Compared with
placebo, the heart rate was reduced to a similar extent in all sleep
states and wakefulness (we found no significant “state” x condi-
tion” interaction). It was previously hypothesized that low and high
doses of caffeine independently affect cardiovascular variables via
different underlying mechanisms (Fredholm et al., 2017). While the
effects of low-dose caffeine such as in this study may be mediated
by adenosine receptor blockade, caffeine at higher doses may induce
increased intracellular calcium, norepinephrine release or sensitiza-
tion of dopamine receptors (Fredholm et al., 2017; Temple
et al.,, 2017). The present research does not allow to elucidate the
physiological mechanism underpinning the reduced heart rate. We
speculate that it could reflect a baroreflex-induced bradycardia
caused by a caffeine-induced rise in blood pressure (de Zambotti
et al., 2018). Baroreflexes regulate blood pressure, heart rate and
blood volume within a narrow range by activating baroreceptors
located in major arteries, veins and the heart. These stretch-
activated receptors signal to the nucleus of the solitary tract of the
brain stem through the vagus and glossopharyngeal nerves. They
evoke reflex inhibition of sympathetic signals to blood vessels, caus-
ing vasodilatation and increase parasympathetic nerve activity to the
sinoatrial node, slowing heart rate (Kaufmann et al., 2020). The exact
response of the baroreflex and the autonomic nervous system can
vary depending on the sleep stage, stress level and overall health sta-
tus (Penzel et al., 2016).

To estimate vagally-mediated, parasympathetic nervous system
activity, we quantified the HF-HRV during sleep (de Zambotti
et al., 2018; Koenig et al., 2013). Compared with placebo, we found
that this measure was increased for caffeine levels above ~4.9 umol
L%, and the increase correlated with increased caffeine levels.
Assuming normal sinus rhythm and atrioventricular functions,
increased HF-HRV may reflect the parasympathetic modulation of
normal R-R intervals driven by ventilation (Kleiger et al., 2005).
Because we did not quantify the evolution of blood pressure and
breathing patterns during sleep, future studies are necessary to inves-
tigate this hypothesis. In addition, we do not know whether the caf-
feine metabolites paraxanthine, theophylline and theobromine
contributed to the observed effect. The metabolic breakdown of caf-
feine underlies high inter-individual variation, and each of the major
metabolites affect adenosine receptors in body organs with different
affinity and via different downstream mechanisms. These unknown
secondary effects of caffeine may contribute to the margin of error,
which is evident in the heterogeneous distribution of some data

reported.
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